INTRODUCTION
In the last few years, great interest has been paid to complexation studies of transition metal ions such as Ag(I), Cd(II) and Co(II) with nitrogen donor ligands in aqueous and non-aqueous solvents and both natural (metallo-proteins and -enzimes) and synthetic complexes of a number of transition metals. The main aims, which have a great academic and practical interest in general, were to improve knowledge of the coordination chemistry of soft and hard metal ions in solvents of different donating properties, to study how basicity and steric effects may affect the selectivity pattern in metal coordination [1] [2] [3] [4] [5] and the binding, transport and activation of small molecules such as dioxygen, carbon monoxide, carbon dioxide, nitric oxide and sulfur dioxide. This purpose is very important in chemical, biochemical, biological, environmental and industrial fields [6] [7] [8] . For example, Co(II) and other metal complexes play an important role in the industrial cleaning of gaseous effluents from power plants through the suggested simultaneous absorption of nitric oxide and sulfur dioxide [9] [10] [11] . Furthermore, the binding, transport and activation of molecular oxygen by metal complexes is a topic of wide current interest due to the many implications that such metal containing systems have in both biomimetic and abiotic processes involving dioxygen 12 . In biology, Co(II) complexes are very important because they represent one of the most successful classes of synthetic oxygen carriers [13] [14] [15] . In this sense, the Co(II) complexes with N donor ligands are known for their ability to bind dioxygen more or less reversibly and therefore frequently studied for their importance in industrial processes and as model compounds [16] [17] [18] . Because of its high sensitivity to the coordination site geometry and the many experimental techniques that can be used in its characterization, cobalt has been used to replace other metal ions to gather information about changes in metal sites in proteins during protein function. Spectroscopic characterization of these systems has revealed that cobalt can be present as Co(II) and Co(III) ions in several types of coordination, which lead to different electronic and magnetic properties. In this context, the use of simple Cocontaining systems with low molecular weight ligands is useful for understanding the correlation between spectroscopic and structural properties [19] [20] [21] [22] . In medicine, the successful use of metal complexes as therapeutic and diagnostic agents depends on the control of their kinetic and thermodynamic properties through appropriate choice of oxidation state, types and numbers of bound ligands, and coordination geometry. In this way it is possible to achieve specificity of biological activity and, most importantly, to minimize toxic side-effects 23 . On the other hand, the chemical speciation of an element, either essential or toxic, allows the knowledge of its biodisponibility, transport and absortion properties in biofluids or tissues 24 . Mechanism of action and biotransformation studies are important because the active species may be a metabolite of the administrate metal complex 23 . The binding of drugs to plasmic proteins, principally albumin and α-glicoproteins, is one of the factors that affects the availability of drugs in the human body. Sulfonamides, N donor ligands, bind in different grades to plasmic proteins, which is related to the pK a of each sulfa-drug 25 . Neutral sulfonamides are expected to be poor ligands because of the withdrawal of the electron density from the nitrogen atom onto the electronegative oxygen atoms. However, if the sulfonamide N atom bears a dissociable hydrogen atom, this same electron-withdrawing effect increases its acidity and, in the deprotonated form, sulfonamide anions are effective s-donor ligands 26 . Sulfonamides were the first effective chemotherapeutic agents employed systematically for the prevention and cure of bacterial infections in humans 27, 28 .They are considered useful especially in the case of ophthalmic infections as well as infections in the urinary and gastrointestinal tract 29 . Besides, sulfadrugs are still today among the drugs of first election (together with ampicillin and gentamycin) as chemotherapeutic agents in bacterial infections by E. coli in humans 25 . The sulfanilamides exert their antibacterial action by the competitive inhibition of the enzyme dihydropterase synthetase towards the substrate p-aminobenzoate 30 . Sulfathiazole (4-amino-N-2-thiazolylbencenosulfonamide), HST (Figure 1) , is clinically one of the most used 31 .
Furthermore, sulfadrugs and their metal complexes, possess many applications, in addition to antibacterial activity, as diuretic, antiglaucoma or antiepileptic drugs, among others [32] [33] [34] [35] [36] [37] [38] , like antifungal activity 39, 40 , and, in many cases, the activity of the metal complex is much better than the ligand one 41 . Despite its low availability in the earth's crust 42 , cobalt plays important roles in biological systems. Cobalt is one of those trace elements, which is present in the human body as a metal cofactor, in the form of biologically important molecules, like the B 12 coenzime and vitamin B 12 43 . Cobalt is also well-known for its potent influence on human physiopathological conditions resulting either from its absence in the body, thereby leading to anemic symptomatology 44 or its presence in excess, emerging from professional or habitual exposure, leading to toxic effects, manifested in heart disease and excessive red corpuscle formation 45, 46 . The forms, however, with which low molecular mass physiological, like citrate 47 , or pharmacology ligands -like sulfathiazole -complex cobalt ions, thus affording soluble and potentially available species to biochemical process, are not wellknown. Moreover, knowledge of cobalt speciation patterns with medicament drugs that can act as ligands at physiological pH might be of fundamental importance in understanding the chemistry of the involucred biological processes 47 . As part of a research program dedicated to the investigation of the structural, physicochemical and biological properties of metal complexes of sulfadrugs, in this paper we report the results of potentiometric studies of sulfathiazole in the presence and absence of cobalt(II) ion, in aqueous solution.
EXPERIMENTAL

Materials and methods
Sulfathiazole, as sodium salt (Sigma, >99%), cobalt(II) chloride hexahydrate (Merck, GR), and all other chemicals, of commercially available reagent grade, were used as received. The stock solution of cobalt(II) chloride hexahydrated (CoCl 2 ·6H 2 O) was standardized by titration with EDTA (ethylenediaminetetraacetic acid) 48 . Potassium chloride, the supporting electrolyte, was obtained as reagent grade quality. Carbon dioxide-free NaOH was prepared by taking a 5.50 mL sample of clear 50% NaOH solution (from the clear supernatant in the present of excess pure NaOH pellets -Sörensen solution-and diluting to 1.0 L, followed by standardization with primary-standard potassium acid phthalate 49 . A Gran's plot indicated the absence (<0.5%) of CO 2 in the base 50 . Manipulations were carried out in the open air 47 . Since Co(II), however, is sensitive to oxidation to the inert Co(III) form in basic media, potentiometric titrations were carried out under a nitrogen atmosphere, both to prevent oxidation of Co(II) and besides in order to exclude carbon dioxide from the system.
Potentiometric equilibrium measurements
Potentiometric studies of sulfathiazole, as sodium salt (NaST), in the absence and presence of Co(II) were carried out with a Corning 350 pH meter equipped with glass combination electrodes calibrated with HCl to read -log [H + ] = p[H]. The electrode was calibrated using both the data from potentiometric titration of a known volume of a standard 0.0100 HCl with a standard 0.100 M NaOH and from the standardization by titration with primary-standard sodium carbonate 49 . The ionic strength of the HCl solution was maintained at 0.100 M by addition of KCl. The temperature was maintained at 25.0 ºC and the experimental solutions, adjusted to 0.100 M ionic strength by addition of KCl, were titrated with 0.100 M standard CO 2 -free NaOH. Potentiometric studies were carried out on 50.00 mL of experimental solution in a thermostated cell, purged with nitrogen cleaned by an 0.1 M NaOH solution. Each potentiometric titration was done at least three times. 30 50 . All stability constants and the standard deviations in the refined constant were determined using procedures outlined in detail in the literature 50 . The errors were estimated as about four times the s fit (which is the standard deviation computed from calculated pH values compared to experimental values) because of additional uncertainties in weight of sample, volume of titrant, etc. 51 .
Potentiometric computations
Computations were carried out with the BEST program 50 , and random error analysis in the determination of equilibrium constants with the ERRBEST program 52 . Species diagrams were obtained with SPE and SPEPLOT programs 50 .
Spectrophotometric studies
Measurements of UV-Vis spectra were carried out between 200 and 800 nm in a Jasco model 530 double beam spectrophotometer, using quartz cells of 1 cm path length.. The spectrophotometer was equipped with a thermostated cell compartment to maintain the temperature at 25.0 ºC. Samples of about 0.040 mmol of NaST and 0.020 mmol of Co(II) were diluted to 20.00 mL in a sealed thermostated vessel at 25.0 ºC, equipped with the combined glass electrode calibrated as described above for the potentiometric measurements 53 . The ionic strength was maintained at 0.100 M by the addition of KCl. The p[H] values of solutions were adjusted by addition of small volumes of 0.100 M NaOH or HCl with a microburet attached to the thermostated vessel. About 3 mL of these solutions were transferred to the quartz cell into the spectrophotometer, with the reference containing 0.100 M KCl. All conditions were adjusted to the potentiometric ones, in order to avoid: precipitation of sulfathiazole at low p [H] 54 , precipitation of cobaltous hydroxide above p[H] ≈ 8 55 and presence of polymeric species of Co(II) near neutral pH before precipitation starts 56 and trying that the spectra represent the same species detected by the potentiometric measurements.
Molecular orbitals studies
Atoms-in-molecules theory
The Atoms-in-Molecules (AIM) theory permits to follow the Lewis standpoint of a chemical reaction, to determine the . It is based upon the critical points (CPs) of the molecular charge density, ρ(r). At these points, the gradient of the electronic density, ∇ρ(r), is null and it is characterized by means of the three eigenvalues, λ i (i = 1, 2, 3), of the ρ(r) Hessian matrix CPs are named and classified as (r, s) according to their rank, r (number of nonzero eigenvalues), and signature, s (the three eigenvalues algebraic sum). In molecules there are four types of CPs having special interest: (3,-3), (3,-1), (3,+1) and (3,+3) .
A (3,-3) critical point corresponds to a maximum in ρ(r), characterized by ∇ 2 ρ(r) < 0 and occurs usually at the nuclear positions. A (3,+3) critical point relates to a decreasing of the electronic charge and it is characterized by ∇ 2 ρ(r) > 0. This point is also known as cage critical point. (3,+1) points or ring CPs, are saddle points. Finally, a (3,-1) point or bond CP, is located frequently between two neighboring nuclei, denoting the existence of a chemical bond between them.
Several properties evaluated at the bond critical point (BCP) make up powerful tools to classify a given chemical structure 58 . Briefly, two negative eigenvalues of the Hessian matrix (λ 1 and λ 2 , respectively) measure the degree of contraction of ρ(r) at a normal direction to the bond towards the BCP, while a positive eigenvalue (i.e., λ 3 ) gives a quantitative indication of the contraction degree parallel to the bond and from the BCP towards each of the neighboring nuclei. Calculated properties at the BCP of the electronic density are labeled with the subscript "b" throughout the work.
In the AIM theory atomic interactions are classified according to two limiting behaviors, namely, shared interactions and closedshell interactions. Shared interactions are characteristic of covalent and polarized bonds and their main features are large values of ρ b , ∇ 2 ρ b < 0, ⏐λ 1 ⏐/λ 3 > 1 and E b < 0, E b being the local electronic energy density of the system calculated at the BCP and defined as the sum of the local kinetic energy density and the local potential energy density, both computed at the BCP 57 . In contrast, closedshell interactions, useful to describe ionic bonds, hydrogen bonds, and van der Waals interactions, are characterized by small values of ρ b , ∇ 2 ρ b > 0, ⏐λ 1 ⏐/λ 3 < 1 and E b > 0. AIM theory permits the identification of reactive sites by means of the Laplacian of the charge density, ∇ 2 ρ. AIM defines the valenceshell charge concentration (VSCC) as the outer molecular zone where ∇ 2 ρ < 0. This zone is the one which, upon chemical combination, is distorted to yield non-bonded critical points (NBCP), which are minima in ∇ 2 ρ (maxima of charge concentration), corresponding in number and position to the electron pairs defined by the Lewis and related models 57, 59 . NBCP correspond to zones where an electrophilic attack can occur.
Calculation details
The conformational space for the sulfathiazole, HST, and the anion sulfathiazolate, ST -, was studied using the molecular dynamics (MD) module of the HyperChem package 60 . Several simulations were accomplished with the aid of the MM+ force field also available in that package. The starting geometries were heated from 0 to 600 K in 0.1 ps. Then, the temperature was kept constant by coupling the system to a simulated thermal bath with a bath relaxation time of 0.5 ps. The simulation time step was 0.5 fs. After an equilibration period of 1 ps a 500 ps-long simulation was run saving the coordinates every 1 ps. Those geometries were then optimized to an energy gradient less than 0.001 kcal mol -1 Å -1 using the MM+ force field.
The lowest energy conformers of the molecules were further studied using the density functional theory as implemented in the Gaussian 98 package 61 . Geometry optimizations were performed using the Becke's three parameter hybrid functional 62 with the LeeYang-Parr correlation functional 63 , a combination that gives rise to the well known B3LYP method. The 6-31+G** basis set is used for all the atoms. The fully optimized molecular geometries were characterized as minima in the potential energy surface by the absence of imaginary vibrational frequencies. Calculations were carried out with Gaussian 98 package 61 using the density functional theory (DFT) and the same basis set as above.
Topological analysis and the local properties evaluation were made with the PROAIM software 64 using the wave functions calculated at the B3LYP level and the 6-311++G** basis set implemented in the Gaussian 98 computer program 61 . The graphs of structures and the contour maps of the charge density Laplacian were obtained with the help of the PROAIM program 64 .
RESULTS AND DISCUSSION
Species formed in the Co(II)-sulfathiazole system
In the development of new fields like bioinorganic chemistry, stability constants are a powerful tool, with the aims of appropriate computer programs, for the elucidation of the molecular and ionic species present in biological and environmental systems 50 . The protonation constants of sulfathiazole were calculated from titration data under the present experimental conditions. The potentiometric titration curve for a mixture of sulfathiazole with Co(II) in a molar ratio: [NaST]/ [Co(II)] = 2/1 is shown in Figure 2 
In the presence of Co(II), the buffer region at lower p[H] (near p[H] 3) is extended with respect to the ligand alone, and another a value is consumed, which is indicative of the formation of a specie ML + . Another extra a value is consumed in the alkaline region, which is indicative of the formation of another coordinated specie between sulfathiazole and Co(II): the neutral one ML(OH).
The large increase of p[H] in curve Co(II) + HST, which occurs at ca. 0.5 a value plus than the corresponding increase in curve corresponding to HST alone, suggests completion of 1:1 complex formation 50 . The titration of the Co(II)-sulfathiazole system could be extended only to pH ca. 8 The values of the equilibrium constants obtained are reported in Table 1 , and figure 3 shows the species distribution for the system. In all cases the s fit values 50 were minor than 0.010 for the titration of sulfathiazole alone, and minor than 0.015 for the titration of the Co(II)-sulfathiazole system. The analysis of random error 52 gave a very satisfactory result for each constant. These good fits mean that the system is well represented by the proposed model.
Electronic spectra
Electronic spectra of metal complexes can provide valuable information related to bond and structure, since the colors are intimately related to the magnitude of the spacing between dorbitals 66 . The wavelength of the absortion maxima, in nm, are summarized in Table 2 : 474 nm 68 . The electronic spectra of aqueous solutions of the system Co(II)-HST let us suggest that the coordination between Co(II) and sulfathiazolate (ST -) in both species, [CoST] + (aq) and [CoST(OH)] (aq), might be involved nitrogen atoms.
Structural data and topological analysis
Optimized geometries of Sulfathiazole, HST, and Sulfathiazolate, 
7.67 (6) a Sulfathiazole, HST, is designed by HL. Co(II) is designed by M. The numbers in parentheses are the estimated errors in the last significant figure. ST -, along with the atomic labels used and selected geometrical parameters have been displayed in Figure 4 . Although it seems to be reasonable to assume from previously reported results of experimental studies [69] [70] [71] that HST, in solid state, possesses the H binding at the tiazolic N, in order to predict quantumchemically the different stabilities of both possible structural isomers, the total energies and vibrational frequencies of molecules with different H connectivity were computed. At B3LYP/6-31+G** level of theory the isomer with the H atom bonded at amido N atom was shown to be just slightly favored over the N-H tiazolic structure by 1.2 kcal mol -1 (5.1 kJ mol -1 ).
Both species possess a structure where the six and five member rings tend to be out of the plane. The angles between both rings are 95º in HST and 100º in ST . However, because E b < 0 (i.e. -0.3470 au), these bonds can be well described as covalent polarized. Figure 5 shows the Laplacian of the electronic charge density for the HST and ST -structures. It can be seen that the BCP´s corresponding to the bonds are found in a region of charge concentration, a fact that allows us to confirm that those bonds are mainly covalent in character. On the other hand, it is clear in the figure that the bond CP corresponding to the S-O interactions are located near regions characterized by an electronic charge density depletion. These findings suggest that the S-O bonds can be well described as an interaction with polar character.
Slight changes can be observed when the contour map of ST -is compared with the contour map corresponding to the protonated one, Figure 5a and b, respectively. However, the changes observed after the deprotonation could influence in the coordination ability of the ligand.
In order to gain more insight about the possible sites of coordination between the ligand and the metal ion in the species ML + and ML(OH), we undertook a topological analysis of the Laplacian of the electronic density. Therefore, NBCP have been determined on the nitrogen and oxygen atoms in both structures. Results are collected in Table 3 . A single NBCP is found at amine nitrogen (N10) pointing to the apex of the pyramid in both cases. This is what can be expected from low degree of conjugation for these amine groups with an aromatic ring. In the same way, in both structures a single NBCP is encountered in N20. This NBCP is coplanar with the ring in agreement with a sp 2 hybridization. On the other hand, in HST two NBCP are found for the N17. The first of these NBCP is located at the apex of the pyramidic nitrogen (the place where the lone electron pair is usually represented). The second NBCP appears pointing towards the base of the pyramid. The value of ∇ 2 ρ for the first NBCP is larger than in the second one. The existence of these two NBCP can be explained at the light of the conjugation between the NH group and the thiazolic ring. In absence of conjugation we can expect a single local maximum of charge concentration, a NBCP, corresponding to the lone electron pair placed in a hybrid orbital pointing to the apex of the pyramid. However, because the NH is conjugated, the electron pair is more similar to a two lobed p orbitals than to a hybrid orbital with a single lobe. Since there is not a pure p orbital, the two lobes are not equivalent. Contrarily, in ST -a single NBCP is encountered in N17. This NBCP is coplanar with the N-C-N bond, in agreement with sp 2 hybridization. On the O atoms of the SO 2 group, two NBCP are found, compatible with two lone electron pairs corresponding to an oxygen atom with sp 2 hybridization. It can be seen in Table 3 that the ∇ 2 ρ values on O atoms are significantly higher than on N atoms. Anyway, we discard this site of binding of the ligand because, although Co(II) is able to form complexes in which the metal ion is coordinated by means of O atoms, N atoms or both, in all cases these O atoms are binding to C atoms, not to S ones 68 . Besides, in two solid cobalt compounds obtained previously between sulfathiazole and Co(II) . When the values of ∇ 2 ρ are compared at the different nonbonded critical points on N atoms of the two species, the NBCP at the thiazolic nitrogen (N20) exhibits the highest concentration of charge (see Table 3 ). This finding suggests that the coordination Co(II)-ST of both species, ML + and M(OH)L, might be through a nitrogen atom and probably from the thiazolic ring (N20).
Structure of the complexes
It is not possible only from potentiometric data to know which are the coordination points; nevertheless, in order to infer which might be possible coordination atom, we analyzed electronic spectra and the energy of MO of HST and ST -. Although MO calculations were carried out on gas-phase models, the obtained results are comparable with the experimental ones. In this sense, predictions of pKa´s of organic acids 72, 73 and of structural data of cyano-and dicyanopolyacetylene cations 74 , are some examples. In spite of their poor capacity of coordination in acidic media 75 , and surprisingly for us, we found the specie [Co(ST)] + (aq) at pH 3-5 76 . Although the synthesis of metal complexes of sulfathiazole at the solid state has been reported, the structural determination is often incomplete and conflicting 77, 78 . Relating to sulfathiazole metal complexes, different compounds were reported, in which the sulfathiazole moiety acts with a high versatility in its coordination ability. For example, with Zn(II), the drug acts as a bridging ligand through both the N amino and N thiazole atoms 78 . As a neutral ligand, the HST acts as monodentate, binding the metal ion through the N amino atom 79 . As a deprotonated ligand, ST -has a variety of coordination behavior, e.g., besides the Zn(II)-ST complex 78 , in Cu(II) complexes, coordination through the N-thiazole atom could be seen, and, in another case, the sulfathiazolato exhibits bidentate behavior linking the metal ion through the N thiazolic and the N sulfonamido atoms 80 . More recently, we have analyzed the interaction of mercury(II) with sulfathiazole: IR and NMR spectral studies suggested a coordination of Hg(II) with the N thiazolic atom, unlike related Hg-sulfadrugs compounds 81 . As we said before, there are many Co(II) complexes in which the donor atoms are N ones, and many others in which the bond Co(II)-ligand is by means of O atoms 67, 68, 82 . The cobalt in vitamin B 12 is coordinated to five N atoms, four attributed to a tetrapyrrole (corrin); the sixth ligand is C, provided either by C5 of deoxyadenosine in enzymes such as methylmalonyl-CoA (fatty acid metabolism) or by a methyl group in the enzyme that synthesizes the amino acid methionine in bacteria 83 . and Co(II) (aq) at pH < 4.5. Complex of Co(II) with 4-methylimidazole-5-carbaldehyde showed that the ligand can act as a bidentate one, with N and O as donor atoms: the pyridine-like nitrogen atom of the imidazole ring and the oxygen atom of CHO group, participate in the formation of the coordination bonds, with the formation of a weak five membered quelate ring. The structure of the complex at the solid state, with 2 ligand per Co(II), is conserved in solution 84 . In the Co(II)-sulfathiazole system, in aqueous solution, it could be observed species coordinates with only one molecule of ligand, different from these last systems. When another molecule of sulfathiazole come into the coordination sphere, the resultant complex precipitates.
The electronic spectrum observed in the aqueous solution of the system Co(II)-HST, at the pH of predominance of both species Co(II)-ST, might be suggested that there could be a nitrogen atom involved in the coordination between Co(II) and ST -in both complexes.
It is possible to suggest that the coordination of Co(II) with sulfathiazole in both species, ML and M(OH)L, in aqueous solution, might be through a N atom (in agreement with electronic spectra), and this N atom might be probably from the thiazolic ring one (in agreement with theoretical calculations).
CONCLUSIONS
Two complex species were detected by potentiometric measurements in the aqueous Co(II)-sulfathiazole system. Spectroscopic studies of the system and MO calculations of HST and ST -suggest that, in the coordination between Co(II) and sulfathiazole in aqueous solutions a N atom of the ligand might be involved, probably the thiazolic one. 
